Abstract To understand the mechanism of transcriptional down-regulation of BRCA1 by promoter methylation, we screened 51 breast cancer cell lines and identified HCC38 as another BRCA1 promoter-methylated cell line in addition to UACC3199. There was low expression of BRCA1 mRNA and BRCA1 protein in both cell lines as measured by quantitative RT-PCR and western blot analysis. After transient treatment with 5-aza-2 0 -deoxycytidine (5-azaCdR) and trichostatin A (TSA), re-expression of BRCA1 mRNA and BRCA1 protein was detected in UACC3199 cells, but not in HCC38 cells. Another demethylating agent, zebularine, did not induce BRCA1 re-expression in either cell line. To test the hypothesis that methylation of CpG sites may affect accessibility of the BRCA1 promoter to transcription factors and consequently cause down-regulation of BRCA1, we analyzed the binding of four transcription factors (CTCF, Sp1, E2F1 and E2F6) to the BRCA1 promoter using chromatin immunoprecipitation assay (ChIP) and quantitative PCR. CTCF and E2F1 were enriched at the unmethylated BRCA1 promoter in MCF-7 cells. In contrast, these two transcription factors were not enriched at the methylated BRCA1 promoter in UACC3199 and HCC38 cells. Following demethylating drug treatment, E2F1 was enriched at the BRCA1 promoter in the demethylated UACC3199 cells. This indicates that reduced accessibility of transcription factors to the methylated promoter is one of the mechanisms for down-regulation of BRCA1 in heavily methylated cancer cells.
Introduction
Approximately 5% of all breast cancers are caused by inherited mutations in breast cancer susceptibility genes such as BRCA1 and BRCA2 [1, 2] . Despite the fact that somatic mutations of the BRCA1 and BRCA2 genes are rare, several lines of evidence implicate reduced BRCA1 gene expression in sporadic tumors [3, 4] . Epigenetic regulation, especially promoter methylation, is an important mechanism for down-regulating tumor suppressor genes in human cancer cells [5] [6] [7] . Methylation of the BRCA1 promoter has been reported in sporadic breast cancer with proportions ranging from 11 to 31% [4, 8] . In addition, BRCA1 promoter methylation has been linked to reduced mRNA and protein expression in primary breast tumors and cancer cell lines [3, [9] [10] [11] [12] [13] . Previously, we observed that inactivation of BRCA1 by promoter methylation is associated with reduced BRCA1 gene copy number, reduced transcripts and chromosome 17 aneusomy, as has been observed in tumors from BRCA1 mutation carriers. We concluded that BRCA1 promoter methylation contributes to a subset of sporadic breast cancers, with the resulting molecular and clinicopathologic phenotype similar to that of hereditary BRCA1-associated breast cancers [14] .
The utilization of drugs that target specific enzymes involved in the epigenetic regulation of gene expression is emerging as an effective and valuable approach to treatment as well as prevention of cancer [15] . 5-aza-CR and 5-aza-CdR are two widely used DNA methyltransferase inhibitors and have been approved by the FDA for the treatment of patients with leukemia [15] . Despite their potency in inhibiting DNA methylation, both drugs are unstable in aqueous solution and show high cytotoxicity [16] [17] [18] . Zebularine is an analogue of 5-aza-CR/5-azaCdR, but it is more stable and less toxic than 5-aza-CR and 5-aza-CdR [19] [20] [21] . Exploring the effectiveness of zebularine and other compounds as DNA methylation inhibitors could allow for the development of novel cancer therapies. Tumor suppressors, such as p16, p21 and MLH1, have been extensively examined for re-expression following demethylating drug treatment [7] . However, restoring BRCA1 expression in cancer cells by demethylating agents is still under investigation.
We speculate from the results of bisulfite sequencing of the BRCA1 promoter that CpGs at positions -355 and -21 from the transcription start site are critical in the re-expression of BRCA1 [14] . It has been reported that Specific protein 1(Sp1) and CCCTC binding factor (CTCF) bind to the BRCA1 promoter and play a crucial role in maintaining a methylation-free state of the functional BRCA1 promoter region [22] . The Sp1 binding site includes -355 CpG. In addition, E2F transcription factors bind to the BRCA1 promoter in the region including -21 CpGs and affect BRCA1 promoter-driven reporter activity and BRCA1 expression [23] [24] [25] . However, it is largely unknown how methylation affects the accessibility of the BRCA1 promoter to transcription factors. In this study, we screened 51 cell lines and identified HCC38 as another BRCA1 promoter methylated cell line. Subsequently, we evaluated the effect of 5-aza-CdR and zebularine on BRCA1 expression in both cell lines. Finally, we analyzed the binding of four transcription factors (CTCF, Sp1, E2F1 and E2F6) to the BRCA1 promoter and demonstrated that reduced accessibility of the methylated promoter to transcription factors is one of the mechanisms for BRCA1 down-regulation in heavily methylated cancer cells.
Materials and methods

Cell lines
DNA from 51 previously characterized breast cancer cell lines were obtained from Dennis Slamon (Supplemental Table 1 ). MCF-7 and HCC38 cell lines were obtained from American Type Culture Collection (Rockville, MD). UACC3199 was obtained from the University of Arizona Cancer Center (Tucson, AZ). MCF-7 was cultured in DMEM (Fisher Scientific, Hanover Park, IL). HCC38 and UACC3199 were grown in RPMI 1640 (Invitrogen, Grand Island, NY). The media were supplemented with 10% FBS and 1% penicillin/streptomycin.
Demethylation of HCC38 and UACC3199 cells
Cells were seeded at a density of 1 9 10 6 per 100-mm plate and exposed to 5-aza-CdR or zebularine (Sigma, St. Louis, MO) at different dose levels for 96 h (with a change of media at 48 h). For UACC3199, 0.2 lM trichostatin A (TSA; Sigma) was added in the last 12 h. Mock-treated cells were used as a control.
Cell growth assay UACC3199 or HCC38 cells were plated at 5 9 10 5 per plate and treated with demethylating drugs. Cell growth was measured by counting live cells after staining with trypan blue. Growth inhibition was calculated as: 100 -the number of cells in treated plate/number of cells in untreated plate.
DNA isolation and bisulfite modification
Genomic DNA was extracted from cultured cells with the Puregene DNA purification kit (Gentra Systems, Minneapolis, MN), followed by phenol-chloroform (Invitrogen) extraction. The sodium bisulfite reaction was carried out as described [26] .
BRCA1 promoter methylation analysis
Methylation analysis was done using a methylation-specific PCR (MSP) as described previously [27] . The final PCR products of methylated and unmethylated DNA are 84 and 104 bp, respectively.
Sodium bisulfite genomic sequencing of the BRCA1 promoter The BRCA1 promoter was sequenced for cytosine methylation using a previously described method [14] . The percentage of methylated CpGs was calculated from ten clones. DNA from untreated and demethylated cells was analyzed.
RNA isolation and quantitative RT-PCR
Total cellular RNA was isolated from cultured cells using the Trizol reagent (Invitrogen) and cleaned using the RNAeasy mini kit (Qiagen, Montgomery, MD). Reverse transcriptase reactions were done using the SuperScript III first strand synthesis system (Invitrogen) with 1 lg of RNA and 1 ll of oligo (dT) 12-18 as the reverse transcription primer. Real-time PCR was performed in a Light-Cycler apparatus (Roche Diagnostics, Indianapolis, IN) using the Light-Cycler-FastStart DNA Master plus SYBR Green I Kit (Roche Diagnostics). cDNA primers for BRCA1 were used as described [3] . The glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as a normalization control [14] . At the end of the PCR cycles, melting curve analyses and electrophoresis of the products on 2% agarose gels were performed to validate the generation of the specific PCR product expected. The fold change in BRCA1 cDNA (target gene) relative to the GAPDH control was determined by 2 -DDCt method [28] .
Protein extraction and western blot
Cells were lysed in RIPA buffer (50 mM Tris pH 7.4; 150 mM NaCl; 1% NP-40; 1 mM EDTA; 10 mM NaF; 1 mM sodium orthovanadate) supplemented with 1 mM PMSF and a protease inhibitor cocktail (Roche, Nutley, NY). About 50 lg of the total protein of each cell lysate was run on a 7.5% acrylamide gel and the proteins were transferred to an Immobilon-P PVDF membrane (Millipore, Bedford, MA). The ECL kit (Amersham Bioscience, Buckinghamshire, UK) was used for detection.
Chromatin immunoprecipitation (ChIP) assays
To examine in vivo transcription factor binding to specific DNA sequences in the BRCA1 promoter, chromatin immunoprecipitation (ChIP) assays were performed following the manufacturer's protocol (Millipore, Temecula, CA) using 3 9 10 6 of cells. Each antibody was added to the sonicated and precleared supernatant fraction and incubated overnight at 4°C with rotation. As a control, the addition of antibody was omitted. Conventional or quantitative PCR analysis of ChIP assays was performed using 1/50 of immunoprecipitate or 1% of input DNA. The annealing temperature was 57°C for CTCF/Sp1and 60°C for E2F, respectively. Accumulation of fluorescent products was monitored by real-time PCR and threshold cycles (CTs) were calculated by the Roche software. The specificity of amplification was monitored by the meltingtemperature profiles of final products. Relative promoter occupancy was calculated with a previously described equation [29] and fold of enrichment was measured as antibody added over control. Products from both conventional PCR and real-time PCR were run on 2% agarose gel. The following primers were used to amplify the immunoprecipitated DNA fragment. For CTCF and Sp1, forward 5 0 -GGA TGG GAA TTG TAG TCT CCC T-3 0 and reverse 5 0 -GGA AGC TGG TAA GGA AGC AG-3 0 were used. For amplification of E2F site, forward 5 0 -CGA GAG ACG CTT GGC TCT TTC TGT-3 0 and reverse 5 0 -GCC CAG TTA TCT GAG AAA CCC CAC-3 0 primers were used.
Antibodies
Anti-CTCF antibody (sc-15914x), anti-E2F1 (sc-193x), anti-E2F6 (sc-8366x), anti-actin (sc-1616), anti-Dnmt1 and anti-Dnmt3a were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse anti-BRCA1 monoclonal antibody AB-4 was from EMD (San Diego, CA). AntiDnmt3b antibody was purchased from Novus Biologicals (Littleton, CO). Anti-Sp1 rabbit antibody was from Millipore (Temecula, CA).
Statistical analyses
After logarithmic transformation, BRCA1 mRNA level was analyzed using two-factor analysis of variance (ANOVA). The first factor was the study group (e.g., UACC3199 vs. MCF-7, or different concentration of 5-aza-CdR) and the second factor was the indicator of two independent experiments. Then, the regression coefficients were transformed back to obtain the fold change or geometric mean difference between study groups. Similarly, enrichment of transcription factors was analyzed using three-factor ANOVA (cell line, antibody versus control, replicate experiment) after logarithmic transformation.
Results
BRCA1 promoter methylation in cultured cancer cells
In screening DNA from 51 cultured cancer cell lines by methylation-specific PCR, we identified HCC38 as another BRCA1 promoter methylated cell line in addition to UACC3199. Interestingly, both cell lines have a basal-like pattern of gene expression (data not shown). As shown in Fig. 1a , methylated product was only observed in HCC38 and UACC3199 DNA; in contrast, only unmethylated product was observed in DNA of normal breast tissue or MCF-7. We further confirmed MSP results by bisulfite sequencing of 658 bp proximal BRCA1 promoter, which contains 30 CpG islands. The 30 CpGs were completely unmethylated in MCF-7 cells. In contrast, all of the 30 CpGs were methylated in HCC38 and UACC3199 cells (Fig. 1b) .
Effects of 5-aza CdR and zebularine on cell growth and DNMT protein levels
To optimize demethylation condition, we analyzed cell growth and DNMT levels after drug treatment. Cell growth was measured by trypan blue exclusion assay. UACC3199 cells were treated with 1-8 lM 5-aza-CdR or 20-100 lM zebularine for 96 h combined with 0.2 lM TSA. We observed a 38-60% growth reduction in UACC3199 treated with 5-aza-CdR/TSA and 8-52% growth reduction with zebularine/TSA treatment compared with untreated cells (Fig. 2a) . The combination of 5-aza-CdR or zebularine with TSA led to a dramatic decrease in the growth of HCC38 cells (data not shown). Hence, HCC38 cells were treated with 1-8 lM 5-aza-CdR or 40-400 lM zebularine for 96 h. HCC38 showed 48-63% growth reduction with 5-aza-CdR and 22-63% growth reduction with zebularine (Fig. 2a) . The effect of 5-aza-CdR, zebularine and HDAC inhibitor TSA on DNMT protein levels was analyzed by western blot. HDAC inhibitor TSA alone had no effect on soluble DNMT protein levels in both UACC3199 and HCC38 cells. Soluble DNMT1, DNMT3a and DNMT3b were depleted by treatment with 1 lM or more of 5-aza-CdR for 96 h in both UACC3199 and HCC38 cells (Fig. 2b) . UACC3199 was more sensitive to zebularine treatment compared to HCC38. The DNMTs were reduced by 40 lM zebularine and depleted by 100 lM zebularine in UACC3199 cells. In HCC38 cells, DNMT1 and DNMT3a were depleted by 200 lM zebularine; DNMT3b was reduced by 200 lM zebularine and depleted by 400 lM zebularine.
Demethylation and BRCA1 gene expression in cancer cells BRCA1 gene expression was analyzed in untreated MCF-7, HCC38 and UACC3199 cells by quantitative RT-PCR and western blot. As shown in Fig. 3a , the amount of BRCA1 mRNA in UACC3199 and HCC38 was 20 and 50%, respectively, of that in MCF-7. Little protein expression was detected in UACC3199 and HCC38 cells (Fig. 3b) . After treatment with 5-aza-CdR and TSA, we observed a two to three fold increase in BRCA1 mRNA expression in UACC3199 cells (Fig. 3c) . Concordantly, a combination of 1 lM 5-aza-CdR and 0.2 lM TSA was enough to induce BRCA1 protein re-expression in demethylated UACC3199 cells (Fig. 3b) . Surprisingly, 5-aza-CdR treatment was unable to induce BRCA1 re-expression in HCC38 cells (Fig. 3c a Methylation-specific PCR analysis of BRCA1 promoter with DNA from MCF-7, UACC3199, and HCC38 cell lines. In vitro methylated DNA (IVM) was used as a positive control and DNA from normal breast tissue (NB) was used as a negative control. M lanes contain methylated products; U lanes contain unmethylated products.
b Bisulfite genomic DNA sequencing of the BRCA1 promoter in MCF-7, UACC3199, and HCC38 cells with or without demethylation. The treatment of 5-aza-CdR and TSA led to demethylation of certain CpG islands of BRCA1 promoter in UACC3199 cells but not in HCC38 cells treatment. DNA was extracted from HCC38 cells after 5-aza-CdR treatment and BRCA1 promoter was analyzed by bisulfite sequencing. There was no change in BRCA1 promoter methylation after drug treatment in HCC38 cells in contrast to that observed in UACC3199 (Fig. 1b) .
Since zebularine has been shown to be effective in reactivating tumor suppressors, such as p16 [21] , we treated both UACC3199 and HCC38 cells with a series of doses of zebularine with and without TSA and measured BRCA1 mRNA expression by q-RT-PCR. Zebularine failed to induce BRCA1 expression in both cell lines; instead, we observed lower BRCA1 expression after zebularine treatment (Fig. 3d) .
CpG island methylation affects accessibility of the proximal BRCA1 promoter to transcription factors Previous work has showed that transcription factors such as Sp1 and E2F1 bind to the proximal BRCA1 promoter region that spans the CpG dinucleotides located at positions -355 and -21, respectively. Those CpG sites were completely unmethylated in MCF-7 cells. In contrast, both CpGs were highly methylated in UACC3199 and HCC38 cells. This indicates that methylation of those CpG islands may affect accessibility of BRCA1 promoter to transcription factors. To understand how methylation affects the accessibility of the BRCA1 promoter to transcription factors, we analyzed the binding of four transcription factors (CTCF, Sp1, E2F1 and E2F6) to the BRCA1 promoter using chromatin immunoprecipitation assay (ChIP) and quantitative real-time PCR. As shown in Fig. 4a , b, CTCF and E2F1 were enriched at the unmethylated BRCA1 promoter in MCF-7 cells. In contrast, these two transcription factors were not enriched at the methylated BRCA1 promoter in UACC3199 and HCC38 cells even though there was more E2F1 expression in those cell lines (Fig. 4d) . Interestingly, E2F1 was enriched at the demethylated BRCA1 promoter in UACC3199 cells treated with 1 lM 5-aza-CdR/0.2 lM TSA, while CTCF enrichment was not detected at the BRCA1 promoter with the same treatment (Fig. 4c) . Enrichment of Sp1 at the BRCA1 promoter was observed in all three cell lines, indicating that the binding of Sp1 to the BRCA1 promoter is methylation insensitive. No E2F6 enrichment at the BRCA1 promoter was detected in any cell line that had been tested. To prove that the enrichment was not due to protein expression level differences in the cell lines, western blot was performed using MCF-7, UACC3199 and HCC38 cell extracts probed with antibodies against the four transcription factors. As shown in Fig. 4d , protein expression levels of CTCF, Sp1 and E2F6 were roughly equal in the three cell lines, while E2F1 was more abundant in UACC3199 and HCC38 cells.
Discussion
There are multiple factors involved in the transcriptional regulation of BRCA1 [4] . However, it is not known how methylation affects accessibility of the proximal BRCA1 promoter to transcription factors and contributes to the down-regulation of BRCA1 gene expression in breast cancer cells. In this study, we have identified HCC38 as another BRCA1 methylated cell line. We evaluated the effects of demethylating agents on induction of BRCA1 re-expression in two BRCA1 promoter-methylated cell lines. Using the ChIP assay, we demonstrated that reduced accessibility of the methylated proximal BRCA1 promoter to transcription factors is one of the mechanisms accounting for down-regulation of BRCA1 in heavily methylated UACC3199 and HCC38 cancer cells. CTCF is required for the enhancer blocking activity of vertebrate insulators and CTCF binding is largely sensitive to CpG methylation [30] [31] [32] [33] . CTCF-dependent chromatin insulation is linked to epigenetic remodeling [34] . It has been suggested that Sp1 and CTCF may play roles as insulators in maintaining a methylation-free state of the proximal BRCA1 promoter region in unmethylated cells, such as MCF-7 or normal breast tissue [22] . There is no CpG within the CTCF binding site, but there are two CpGs (-440 and -379) flanking the CTCF binding site. We observed that CTCF only binds to unmethylated BRCA1 promoter but not the methylated promoter. This indicates that CTCF binding is affected by the methylation status of the flanking region. In contrast, Sp1 binding to the BRCA1 promoter was methylation insensitive. Taken together, this suggests that only CTCF is involved in protecting the adjacent sequences against de novo CpG methylation at the proximal BRCA1 promoter.
Disruption of CTCF binding by methylation in UACC-3199 and HCC38 cells may facilitate aberrant methylation of the proximal BRCA1 promoter and, consequently, affect other transcription activator binding. Indeed, we observed E2F1 binding to the unmethylated BRCA1 promoter in MCF-7 cells but not in the methylated UACC3199 and HCC38 cells. It has been reported that E2F1 is a positive transcriptional regulator of BRCA1 [23] [24] [25] . The methylation within the E2F binding site may inhibit binding of E2F1 transcription factors to the BRCA1 promoter and, consequently, cause down-regulation of BRCA1 expression in those cells. Our results demonstrate that is the case since we observed concordant BRCA1 up-regulation and E2F1 enrichment at the BRCA1 promoter after demethylation.
E2F6 has been identified as a transcriptional repressor of BRCA1, and depletion of E2F6 resulted in the recruitment of E2F1 to the BRCA1 promoters in 293 cells [24] . Therefore, we thought E2F6 might play a role in regulating BRCA1 in 5-aza-CdR is being used for treatment of leukemia [35] [36] [37] . We successfully obtained BRCA1 protein reexpression using a combination of 5-aza-CdR and the HDAC inhibitor TSA in breast cancer cell line UACC3199. This suggests that down-regulation of BRCA1 by methylation is reversible, and demethylation may be applied clinically in the treatment or prevention of breast cancers.
However, 5-aza-CdR failed to demethylate BRCA1 promoter and induce BRCA1 re-expression in HCC38 cells, despite DNMTs being reduced or depleted by the drug treatment. While the exact mechanism is still elusive, the different responses of cell lines to demethylating drugs may be reflective of different responses patients have to demethylating drugs, which should be addressed in future studies.
Zebularine has been considered as a potential demethylating drug because of its high stability and less toxicity compared with 5-aza-CdR [38, 39] . In a previous study, five of seven cancer cell lines treated with zebularine showed p16 induction [21] . Even though we observed lower toxicity of zebularine compared with 5-aza-CdR, as measured by growth inhibition assay, we could not detect up-regulation of BRCA1 with up to 400 lM and a 9-day treatment with HCC38 cells. Other non-nucleoside demethylation drugs, such as EGCG and procaine, were also not effective on HCC38 cells (data not shown). The mechanism for non-responsiveness in HCC38 deserves further study. Fig. 4 CpG island methylation affects accessibility of the BRCA1 promoter to transcription factors. a Representative gel images of BRCA1 amplification products obtained by conventional PCR with DNA from ChIP assays. ChIP assays were carried out with MCF-7, HCC38, and UACC3199 using CTCF, Sp1, E2F1, and E2F6 antibodies. b Quantitative analysis of BRCA1 promoter occupancy in untreated MCF-7, HCC38, and UACC3199 cells by real-time PCR with two independent ChIP assays. The fold change was calculated as antibody versus control. Enrichment of transcription factors was analyzed using a three factor ANOVA (cell line, antibody vs. control, replicate experiment) after logarithmic transformation. P values were calculated based on the differences among the three cell lines for each transcription factor. * P \ 0.001; ** P = 0.21; *** P \ 0.001. c Conventional PCR and quantitative analysis of BRCA1 promoter occupancy in demethylated UACC3199 cells with two independent ChIP assays. P value was calculated based on the differences between untreated and demethylated UACC3199. ****P \ 0.001. 
